Abstract-This paper describes how circuit and system models are derived for antennas from measurement of the input reflection coefficient. Circuit models are used to optimize the antenna performance and to calculate the radiated power and the transfer function of the antenna. System models are then derived for transmitting and receiving antennas. The most important contribution of this study is to show how microwave structures can be integrated into the simulation of digital communication systems. This enables system designers to predict the effect of the microwave subsystem on the digital signals and calculate the resulting bit error rate.
I. INTRODUCTION
A NTENNA design starts with simulating the structure using an electromagnetic (EM) simulator. This is followed by measuring the input reflection coefficient or the input impedance. These results are not sufficient to understand the antenna performance or to predict its effect when used in a digital communication system. Circuit and system models are needed to complete the design cycle and to offer better understanding of the antenna characteristics [1] . Most modern communication systems are digital, and a model compatible with digital system simulation is an essential design aid. An equivalent-circuit model would help the designer relate the antenna response to the physical structure and to study the effects of varying the antenna dimensions on the response.
Microwave circuit designers are not usually aware of the effect their designs will have when included in a digital system. This study shows how a microwave subsystem can be integrated in the simulation of a digital system.
The results usually available for designers to develop antenna models are the magnitude and phase of the input scattering parameter from which an equivalent circuit can be derived, the radiation resistance at the input calculated, and the radiated power determined. We shall show how from knowledge of only we can also achieve the following: • derive the voltage transfer function;
• identify system models to represent and the voltage transfer function;
• derive a system model when the antenna is used as a receiving antenna; • include both the transmitting and receiving antenna models in the simulation of a digital communication system and assess the effect of the antennas on the bit error rate (BER). System models are used to represent the antenna when it is included in a digital system simulation. How to derive and use system models are the main contribution of this paper. A wearable button antenna [3] - [6] has been designed to operate at the WIFI and Bluetooth bands. Both circuit and system models for this antenna have been developed, and the system model was used for the simulation of the antenna when used in a digital communication system with the current standards of these systems. Two approaches for deriving the system models are used. The first derives an infinite impulse response (IIR) filter structure and the second uses topological analysis and design [8] - [11] to derive a digital system model in which the elements of the physical structure can be identified. This is a valuable tool for designers of antennas for digital systems.
II. CIRCUIT MODEL
An equivalent electrical circuit can be developed to achieve the desired response.
The following are two main steps in developing the circuit model.
Step 1) Determine a suitable topology: This is achieved by inspecting the EM structure and identifying the circuit elements. A computer-aided design (CAD) procedure modifies the initial topology for a better fit.
Step 2) Determine the element values: This is achieved by an iterative optimization process to fit the model response to the supplied data. When developing this model, care should be taken to relate the elements as closely as possible to the physical structure and to identify the radiation resistance and the losses in the antenna.
The advantages and disadvantages of the circuit model are discussed in [1] .
III. SYSTEM MODEL
The first system model is based on the IIR digital filter structure represented by (1) The and coefficients are then determined by an optimization procedure to fit the antenna response obtained either from measurements or an EM simulator. The orders and of the numerator and denominator are increased gradually during the optimization procedure until a good match between the model and input data is obtained. More details of this model, its advantages, and disadvantages are given in [1] .
We shall show in Section VIII that it is possible to derive a system model from the circuit model. The system model can be used in the simulation of digital communication systems in the same way as the above-described IIR model. However, since all 
IV. DOUBLE BUTTON ANTENNA
We shall develop models for the double button antenna shown in Fig. 1 [3] - [6] . This antenna was developed as a wearable antenna with two bands at 2.4 and 5 GHz for Bluetooth and WIFI applications. The aim of the modeling procedure is ultimately to be able to include a transmitting and receiving antenna in a complete digital communication simulation in order to assess the effect of the two antennas on the system performance.
The circuit elements representing the EM structure were identified and the optimization procedure was used to calculate their values to match the responses from the EM simulator. A MATLAB program was developed for this purpose.
The results for are shown in Fig. 2 . It is difficult to distinguish between the results from the EM simulator and the model due to the accuracy of the modeling procedure.
The circuit model is shown in Fig. 3 and the result from the circuit simulator are identical to those shown in Fig. 2 .
The two transmission lines TL1 and TL2 in Fig. 3 represent the distributed nature on the EM structure. TL1 represents the outer transmission line structure together with any transmission line at the input. TL2 represents the inner transmission line. It will not be possible to get an accurate model of a distributed EM structure with only lumped elements. Both the delay and characteristic impedance of each transmission line are included in the optimization procedure.
A system model of order was then derived. The response of the model to a sweep signal, using a system simulator, is shown in Fig. 4 .
The above results show that both the circuit and system models match the measured results very well.
Next we wish to identify the radiation resistance and develop a system model for the antenna transfer function. The radiation resistance is identified as the 78. 9 in Fig. 3 and the radiated power is shown in Fig. 5 where the two radiation bands at 2.4 and 5 GHz are clearly indicated.
The identified radiation resistance is not the value seen at the input. The equivalent circuit transforms the 78.9-resistance to 50 at the input at the radiating frequency bands.
The voltage transfer function is shown in Fig. 6 and was calculated using the circuit simulator, where is the voltage across the radiation resistance and is the source voltage.
From these results, an IIR system model was developed to realize the voltage transfer function. The output voltage response to a swept signal is shown in Fig. 7 . It is not surprising that we are able to obtain the transfer function with only knowledge of the input scattering parameter . For a passive lossless network, the scattering matrix is unitary and obeys the relation where is the identity matrix. This gives four equations relating the scattering parameters. In the classical filter synthesis procedure [7] , the input scattering parameter and the input impedance are derived from knowledge of only the required insertion loss. In our case, we have derived the transfer function numerically using the circuit simulator instead of analytically, as in the case of filter synthesis. However, it is also possible to derive an analytical expression for the transfer function using (1) for
. For a lossy model, the transfer function can always be derived numerically using the circuit simulator.
V. SIMULATION OF DIGITAL COMMUNICATION SYSTEMS
Once a system model representing the voltage transfer function has been identified, we are ready to include the transmitting antenna in a digital communication system. Fig. 8 shows the transmitting antenna included in a rectangular QAM system with , which is the standard for WIFI. The parameters of the system are given in Table I .
The results given here are for the above parameters. However, the antenna works equally well with other parameters, particularly for the 5-GHz band. Fig. 9 shows the constellation diagram before and after the antenna with no added noise.
It is clear from the constellation diagram that the antenna generates a phase scatter in the transmitted signal. This is typical when an analog subsystem with limited bandwidth is included in a digital system. This can also be seen when comparing the input and output signals in the time domain, as shown in Fig. 10 . The antenna generates spikes and distortions at the phase and amplitude transitions between symbols.
VI. RECEIVING ANTENNA
The transfer function for the antenna when used as a receiving antenna can be derived from that of the transmitting antenna. When we exchange the source and the load in a two- 
Thus, the voltage transfer function for the receiving antenna is the same as that of a transmitting antenna, except for a multiplication factor. In a practical communication system, the multiplication factor is included in the system's amplifiers and automatic gain control (AGC), which compensate for variations in signal power. For simulation purposes, we can use the same model for the transmitting and receiving antennas to study the effect on the digital transmission.
VII. COMPLETE DIGITAL SYSTEM SIMULATION
A digital communication system using the button antenna is shown in Fig. 11 . The system includes two channels, one transmitting at 2.4 GHz and the other at 5 GHz, both feeding the same antenna. The RF frequencies correspond to the two antenna bands and the system includes a transmitting and a receiving antenna. The two channels have slightly different parameters, which are given in Table II. The constellation diagrams, for both channels, of the received signal are shown in Fig. 12 .
We notice that the scatter for the 2.4-GHz channel is worse than for the 5-GHz channel. This is because the transfer function of the antenna in Fig. 8 shows that the 5-GHz channel has a wider bandwidth. We also compare the phase scatter diagram of Fig. 12(a) with that of Fig. 9(b) . Fig. 12(a) shows more scatter due to the inclusion of the receiving antenna. Even with the high degree of phase scatter shown in Fig. 12(a) , the demodulator was able to recover the received signal without errors. The above results show a high degree of consistency, which gives confidence in the procedure.
VIII. SYSTEM MODELS DERIVED FROM CIRCUIT MODELS
When an antenna designer wishes to optimize the antenna performance, it is a great help if the model elements relate as closely as possible to the physical structure. Although the circuit models achieve this aim, the system models based on an IIR digital filter structure do not. We shall describe a method [8] of deriving a system model that has a one-to-one relation with the equivalent circuit.
The procedure for deriving this model is systematic and follows the following steps.
Step 1) From the circuit model, a graph is constructed, containing only nodes and edges, which describes the network interconnections. We use the button antenna circuit model shown in Fig. 3 . The corresponding network graph is shown in Fig. 13 .
Step 2) A tree is determined for the network graph. A tree is a sub-graph that contains all the nodes, but no loops (tie sets). The remainder of the graph is referred to as the co-tree. In Fig. 13 , to form the tree and to form the co-tree. When assigning the order to edges, care should be taken to assign all the voltage sources to the tree and all the current sources to the co-tree. The maximum number of capacitors should be assigned to the tree and the maximum number of inductors to the co-tree. This will result in the maximum number of integrators and the minimum number of differentiators in the system model. Differentiators usually lead to instability, especially when the signal has an abrupt amplitude change, as is the case with digital signals.
Step 3) Next, the dynamical transformation matrix [9] - [11] is derived. This is done by assigning the columns to the tree edges and the rows to the co-tree edges. Each row is a set of edges that make a loop containing one co-tree edge and as many tree edges as necessary. For the graph shown in Fig. 13 , the matrix is given by
Step 4) The voltages and currents in the circuit are related by [9] (4)
where the subscripts and refer to the tree and co-tree.
Step 5) Equation (5) gives a description of the network interconnections in terms of a combination of Kirchhoff's first and second laws. We need to add the relations between the currents and voltages as determined by the type of elements used. These are given by and (5)
Step 6) When the matrix and the functions and are known, a system model representing the circuit can be constructed. It is important to notice that the functions and could take any form and could be functions of any variable in the circuit and not restricted to the variables indicated in (5). This gives the possibility of representing nonlinear, as well as distributed elements such as transmission lines. In the simplest case, the functions represent Ohm's law for the circuit elements. Although we are applying this procedure here to antennas, it is a more general procedure that can be applied to develop a digital system model for any analog network or subsystem. Microwave circuits can contain distributed elements such as transmission lines. The transmission line model used here represents the delay, characteristic impedance, and attenuation of the line, but no dispersion. Dispersion can be easily added by adding differentiators to the model. The model used here is shown in Fig. 14 .
There are four different transmission line models depending upon whether the inputs are voltages or currents. A transmission line edge in the tree must have a voltage input, and in the co-tree, must have a current input. The four models cover all possibilities as the topology of the circuit requires.
The system model for the equivalent circuit in Fig. 3 is shown in Fig. 15 . It is clear that the elements of this system model have a one-to-one correspondence with the circuit model in Fig. 3 . This enables the designer to relate the model to the EM structure when trying to optimize the antenna performance. The response of the new model is shown in Fig. 16 , and when compared to the response of the IIR model in Fig. 7 , it is seen that they are identical. When used in digital system simulation, this model gives identical results to those obtained with the IIR filter model. This gives confidence in the presented methods, as two models derived using entirely different methods and algorithms give identical results. This means that the important structure is the original one and not the models.
IX. CONCLUSION
A full modeling procedure has been presented for the derivation of antenna models that could be used in the simulation of digital systems. This enables the system designer to assess the degradation in system performance due to the antenna and to optimize the antenna design for best digital performance. The method starts with the knowledge of only the input scattering parameter of the antenna, which can be easily obtained from measurements or EM simulations. The procedure enables the derivation of a circuit and a system model for the input scattering parameter, the identification of the radiation resistance, and the derivation of a system model for the transfer function of the antenna when used either in the transmitting or receiving modes.
We have shown how a microwave structure can be modeled in such a way that it could be included in the simulation of an entire digital communication system. This is a most valuable tool as most systems now are digital. We have also shown how the effect of the microwave circuit can be evaluated.
One most important result of this study is realizing that although microwave circuits and their models are deterministic, their effect on the digital signal is very similar to added noise. Since the models are deterministic, they offer the possibility that an "inverse" model be developed and the degradation of the digital signal be reversed. This, of course, is not possible with added random noise.
Although the presented results concentrated on antennas, the basic procedures can be applied to derive digital models for any analog subsystem containing lumped, distributed, and nonlinear elements.
